Abstract: Sustainable development of the built environment in developing countries is a major challenge in the 21st century. The use of local materials in construction of buildings is one of the potential ways to support sustainable development in both urban and rural areas. Building with Compressed Earthen Blocks (CEBs) is becoming more popular due to their low cost and relative abundance of materials. The proposed Green-Compressed Earth Block (GCEB) consists of ordinary CEB ingredients plus Banana fibers, which will be the focus of this study. Banana fibers are widely available worldwide as agricultural waste from Banana cultivation. Banana fibers are environmentally friendly and present important attributes, such as low density, light weight, low cost, high tensile strength, as well as being water and fire resistant. This kind of waste has a greater chance of being utilized for different application in construction and building materials. This focused on the use of banana fiber and its effect on the compressive and flexural strength in CEB. The deflection at the mid-span of the blocks studied was calculated using the Linear Variable Differential Transformer (LVDT). The results of this study will highlight general trends in the strength properties of different soil mixes for CEBs. These efforts are necessary to ensure that GCEB technology becomes more widely accepted in the world of building materials and is considered a reliable option for providing low-cost housing.
Since banana fiber is acidic fruit material that has a pH value less than 7, and the CEB is an alkaline material compound that has a pH value more than 7, chemical pretreatment has to take place in order to increase the pH value of the banana fibers. Previous studies have shown that appropriate surface treatments enable mechanical bonding, and thereby improve matrix-reinforcement interaction. Alkali treatment of cellulosic fibers is the usual method to produce high quality fibers. Alkali treatment improves the fiber-matrix adhesion due to the removal of natural and artificial impurities. Therefore, the development of a rough surface topography and enhancement in aspect ratio offer better fiber-matrix interface adhesion and an increase in mechanical properties [4] .
Characteristics of Banana Fibers
Banana fibers are generally lignocelluloses material, consisting of helically wound cellulose micro-fibrils in amorphous matrix of lignin and hemicelluloses. The cellulose content serves as a deciding factor for mechanical properties along with micro fibril-angle. A high cellulose content and low micro-fibril angle impart desirable mechanical properties for banana fibers. Lignins are associated with the hemicelluloses and play an important role in the natural decay resistance of the lignocelluloses material [5] . The composition of banana trunk obtained by elemental analysis, as given in Table 1 . Table 1 . Composition of studied banana trunk fibers [5] .
Constituents
Percentage Cellulose 56% Lignin 17% Extractives 7% Moisture 11% Ashes 9%
Characteristics of Banana Fibers

Fiber Linear Density
The fiber diameter was evaluated from optical observations under microscope as the average of five diameter measurements taken at different locations along the fiber with a range of standard deviation from 0.05 to 0.1. Based on the diameters of the fiber, the whole fiber samples were divided into four broad categories. The diameter of the fiber was then measured at 100 different places along the length of four fibers. One hundred fibers were also taken at random from the sample and their diameter measured at 10 different places. The tex of the fiber was calculated assuming the density of banana fibers to be 1.4 g/cc, determined using a density gradient column prepared from xylene (0.865 g/cm 3 ) and carbon tetrachloride (1.595 g/cm 3 ) [5, 6] .
Fiber Stress-Strain Curves
Tensile testing was performed on four different strain rates of banana. Results of tensile testing revealed that strain rates played a significant role in the nature of the stress strain curves, the strength of the fibers and the nature of failure. The stress, as shown in Table 2 , increased when the strain rate was increased to 0.5 min −1 but ultimately decreased with an increment in speed. The representative stress-strain curves for banana fiber, with average values from 20 tests each on fibers of 7 tex, is shown in Figure 1 . There was some initial compliance of the system. The averaged curves show the tendency of a dominantly brittle fracture for the fibers, except at the lowest strain rate of 0.1 min
. Some of the fibers showed verification for strain-hardening. This fact can be taken as a progressive reorientation of micro-fibrils, which occur for some of the fibers. Apparently from the stress-strain curves, higher strain rates resulted in higher apparent modulus values.
Banana fibers have shown high variability along the length and between fibers, which is a characteristic of natural fibers. The Stress of banana fibers was a function of the testing speed. At lower strain rate, an increase in strain facilitates the amorphous to crystalline sharing of load. At higher speeds, however, the faults dominate with catastrophic failure at the highest strain rates. Therefore, there is an inversely proportional relationship between the strain rate and the strain. Some of the stress strain curves showed signs of strain hardening. 
Banana Fibers Chemical Treatment
Alkali treatment increases surface roughness resulting in better mechanical bonding and the amount of cellulose exposed on the fiber surface. This increases the number of possible reaction sites and allows better fiber wetting. The possible reaction of the fiber and Sodium Hydroxide (NaOH) is represented in Equation (1) [7] :
The banana fibers were cleaned and immersed in 6% NaOH solution for 2 h at room temperature as shown in Figure 2 , and then thoroughly washed by immersion in a clean water tank to remove the non-reacted alkali until the fibers were alkali free. They were next rinsed under running water and filtered. The filtered fibers were then dried in an oven at 80 °C for 24 h [8] . 
Specimens Preparation
Dry soil, including sand and clay to be used for GCEB production were run through a manual sieve with a 3.40 mm 2 (0.00527 in 2 ) mesh size to remove lumps. The samples produced consisted of 10 plain CEBs (control) and 60 banana-fiber-reinforced GCEBs. Based on the typical CEBs mix ratios, GCEBs are formed using a mixture (by weight) of sand (35%), 5 mm aggregate (30%), clay (35%), cement (7%), and water (10%). With the exception of fiber length, all the identified factors were kept constant in all mixes to allow for observation of the influence of fiber length on strength of tested specimens. The development of strength properties of soil-cement-fiber mixes mostly depends on the formation of fiber-matrix adhesion, matrix-matrix cohesion and fiber-fiber cohesion. These identified bonds can be affected by dimensions, surface conditions and the quantity of fiber present [9] . Previous studies have recognized that reinforced CEB with 0.4% of the Polypropylene fibers recorded the highest compressive strength; also, these studies prove that increasing fiber content more than 0.4% reduces the strength significantly [10, 11] . The designed mix is presented in Table 3 . Mixing was continued until the matrix was observed to be consistent, and the fibers were added gradually while mixing. The dry mix was watered gradually in a uniform manner without stopping the mixing process. The mixing process was continued until the mix was visually deemed to be homogeneous and also satisfied the "drop test".
GCEBs Production
GCEBs Mixing
Once the soil-cement-fiber matrix had satisfied the drop test and visual inspection, the mix was fed into the mold by an appropriate bucket from the manual compressed earth block's machine. The CEB's manual machine is designed to compress matrices from the bottom of the mold with the top plate flash by man force (this process is illustrated in Figure 3 ). After compression, the blocks were ejected from the mold, carefully moved, and placed on sieved sand outdoors as shown in Figure 4 . 
Curing Process
The GCEBs were covered with a plastic sheet after placement and sprayed lightly with water the next day. The blocks were stacked after two days but still kept under the plastic sheet and moisture-cured daily for a minimum of seven days. The relative humidity was about 100% under the plastic sheet. The purpose of the initial curing done during the first two days was to minimize the occurrence of cracks and the breaking off of pieces of the block during stacking [12] . The temperature was about 26 °C. The blocks were tested 28 days after production.
Experimental Work
Compressive Strength Test
The nominal dimensions of blocks produced were 12 cm × 12 cm × 9 cm for compressive test. The specimens for the compressive strength tests were tested according to American Society for Testing and Materials (ASTM) international C67-07 [13] . A total of 35 GCEBs were tested for compressive strength; 5 blocks for each of the 7 mix designs. The blocks were tested under uniaxial compression load using a COMTEST Impact 2000 KN block (Impact, North Ayrshire, Scotland), cube and cylinder compression machine with a maximum load capacity of 2000 KN. The rate of compression was set at 300 N/s (67 lbs/s) until failure.
Compressive Test Results and Discussion
Reinforced blocks with randomly distributed natural banana fibers yielded higher compressive strength results compared to the unreinforced blocks, as shown in Table 4 and Figure 5 . At 0.35% banana fiber content by weight, the percentages of increase in compressive strength compared to the unreinforced specimens, #1, are presented in Table 5 . A research study attributed similar observations made in compressive strength of Polypropylene (PP) fiber reinforced concrete specimens to the confinement provided by the PP fiber bonding [14] . There was a noticeable increase of 17% in the strength of the treated fibers by 6% NaOH concentration relative to the untreated fibers. In this study, the matrix reinforced with only 50 mm fibers (mix # 7) recorded the highest compressive strength with value of 5.92 MPa. A research study also observed that longer PP fibers (12 mm) performed better in compressive strength at 28 days compared to shorter fibers (6 mm) [15] . Cracks typically formed before peak load was reached during testing. This observation was true for both plain and fiber reinforced specimens. The failure mode of the plain and reinforced CEBs are very close to the failure mode of the typical concrete blocks. However, there is a slight difference in failure mode between the plain and the reinforced blocks as shown in Figure 6 . Soil spalling is observed in the plain CEB compression failure leading to a void in the block, while in the reinforced GCEB compression failure sample, fibers held the soil, preventing a void. 
Flexural Tensile Strength Test
Flexural strength testing was done according ASTM C67-07 [13] . The loading scheme was modified from third-point loading to center-point loading. A total of 5 samples were tested for each of the seven mix designs. A Universal Hydraulic UH Series Shimadzu universal testing machine with a maximum load capacity of 1000 KN was used. The machine was set up with a Linear Variable Differential Transformer (LVDT) displacement sensor to record mid-span deflection as shown in Figure 7 . The values for flexural strength were computed using Equation (2): Using center point loading, flexural strength is determined assuming simple, pure bending. In this case the span to depth ratio was approximately 2. Failure of the tested blocks did not always occur at the mid-point. During testing, all the unreinforced blocks experienced sudden failure, while none of the fiber reinforced blocks did, as shown in Figure 8 . The reinforced GCEBs with treated 50 mm of banana fibers (mix #7) yielded the highest average modulus of rupture (MOR) with a value of 0.95 MPa; also, the average flexural strength and the maximum displacement of the blocks are shown in Table 6 . Table 7 Fibers are known to oppose crack formation in step with increasing stress and also bridge micro cracks from expanding [15, 16] . The block geometry did not provide enough span to allow for failure to occur at the center of the blocks, which would have allowed for a better assessment of the influence of the fibers. Also, the center point is not always the weakest point in the block, therefore values reported using center-point loading could be higher compared to third-point loading results.
Most of the 35 tested samples' failures occurred at the mid-point. Each tested sample exhibited linear elastic characteristics prior to initial crack, which typically occurred at peak load. The load-deflection responses of the fiber-reinforced samples were different from the unreinforced ones. Typical load-deflection curves of the tested samples are presented in Figure 9 . In general, the fiber-reinforced blocks performed better in post-initial crack behavior compared to the plain matrix. The results also suggest that the fibers affect the brittle behavior of the matrices. The unreinforced samples exhibited sudden failure in all instances. Most of the fiber-reinforced matrices experienced complete failure at more than 2 mm deflection, while the plain samples experienced complete failure at less than 1 mm displacement. It was also observed that some of the fibers' cracks bridged. That could explain the cause of gradual failure as shown in Figure 10 .
The fibers at the crack zone bear the tensile stress transferred from the rupture section. Previous studies established a relationship between increased aspect ratio of fibers and the ability of fibers to bridge micro cracks. In this study, the 50 mm fibers had a higher aspect ratio and produced a higher tensile strength in matrices compared to the 25 mm fibers, suggesting that their embedded length was insufficient to develop full tensile capacity. Observations during testing showed that the strength rebound occurred when fibers kicked in. The maximum post-initial crack load for the matrices reinforced with treated 50 mm fibers (mix #7) was the highest peak load recorded for all matrices. The findings point out that extensible banana fibers did not totally pull out of matrices when specimens reached peak strength. It was also noted that gradual fiber slipping and stretching resulted in a high post-peak strength even at high deformation levels. Comparing the results from the different matrices in this study, matrices with different proportions of the shorter fibers (25 mm) did not sustain as much fiber slippage as matrices with only 50 mm fibers. Subsequently, more gradual failure, after initial crack of all the fiber-reinforced matrices, suggests an improved performance in ductility that can be attributed to the banana fibers. Also, both fiber pullout and breakage were observed in GCEBs.
Water Absorption Test
The specimens from the flexural tests were used for the water absorption test. The water absorption test is basic in nature but may be the most useful in assessing the durability of GCEBs. After 28 days curing, GCEBs were weighed and recorded. This was the dry weight (Wd). The weighted samples were then totally immersed in a water tank for 24 h. They were then taken out, wiped with a cloth, and reweighed. The weight of each specimen was recorded. This was the wet weight (Ws). The water absorption of the samples was calculated using Equation (3):
where: WA = Block water absorption; Ws = Saturated weight of the block after submersion in cold water; Wd = Dry weight of the block.
The absorption measures the unit's total capacity to absorb moisture. The measure of plain-CEB recorded approximately 7.4% water absorption, while the water absorption of the GCEB with banana fibers recorded an average of 10.6%. The final density of the block is 128 PCF (Pound per Cubic Feet). Blocks with banana fibers have a slightly higher water permeability or absorption than plain blocks. The higher water absorption capacity of fiber-reinforced blocks may be attributed to the amount of water absorbed by the cellulose fiber. It can be concluded that fibers increase block permeability to water. The resulting data, however, shows that all the processed GCEBs were either in the 10%-20% water absorption range or below. Therefore, with respect to this parameter, all the GCEBs met the minimum requirements for their use in building construction [17] . Table 8 and Figure 11 Figure 11 . Average compressive and flexural strength.
Relationship between Flexural Strength, Compressive Strength, and Fiber Length
Summary and Conclusions
The meaning of this experimental study was to evaluate the influence of banana fiber length on the compressive and flexural strength of GCEBs. The results presented in this study provide important insights into the influence of fiber length on the flexural and compressive strengths of GCEBs. In GCEB matrices, soil constituents, fibers content, level of chemical stabilization (OPC content), compaction effort, and curing conditions all contribute to high mechanical properties. All these variables were kept constant throughout the study to enable observation of the influence of the banana fibers on the flexural strength, compressive strength, and post-initial crack behavior of fiber-reinforced GCEBs.
On average, specimens reinforced with 50 mm fibers performed better, in both flexural and compressive strength, compared to the unreinforced specimens and specimens reinforced with different variations of 25 mm fibers. The highest flexural and compressive strength values were recorded at reinforcement with 50 mm fibers and 0.35% fiber content by weight. The results made plain that the treated 50 mm fibers were the better performing fiber in this study. Compared to the unreinforced specimens, specimens reinforced with 50 mm fibers at 0.35% by weight, were 94% and 77% higher, in terms of flexural and compressive strength, respectively. The incorporation of fibers into the matrices prevented sudden failure of the tested samples during the MOR test.
Material properties of banana reinforced GCEB are largely influenced by fiber type, fiber volume, fiber geometry and length (aspect ratio), fiber surface conditions, method of production, and composition of matrices. All these factors were considered when selecting the engineered natural banana fibers used. The findings show that with an adequate understanding of GCEBs specimens, such fibers can enhance the lateral load performance of earthen masonry. Consequently, experimental work and sample size will be increased to validate these initial findings.
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